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SUMMARY: When culturea of an E~coli wild strain are incubated 
at temperatures of 47 C to 49 C the replication of the 
chromosomal DNA is almest completely blocked. However, different 
complex DNA forms of the plasmid f2l E can be isolated from 
a colicinogenic E.coli wild strain aft~r incubation at these 
temperatures. After incubation at 47° C a large amount of0 , 
catenated Col E DNA forms is generated. Incubation at 49 C 
leads mainry-to1the accumulation of replicative intermediates 
of Col E1 DNA as shown by pulse-chase experiments. In addition the nature of these complex f2l E1 DNA molecules has been 
revealed by electron microscopy. 
INTRODUCTON: The DNA replication of the bacterial plasmid 
colicinogenic factor E1 (f21 e1 > exhibits some remarkable 
features,which distinguish it from the replication of the 
chromosome of E.coli and of several other plasmids, known as 
sex factors. Col E1 DNA replication continues in the presence 
of chloramphenicol (1), an antibiotic which inhibits the 
initiation of chromosomal DNA replication (2). Polymerase III, 
but not polymerase I seems to be required for the duplication 
of the bacterial chromosome and several sex factors (3,4,5). 
In centrast the Col E1 plasmid requires DNA polymerase I but 
not polymerase III for its replication and/or maintenance 
(4,5). Moreover, Col E1 DNA continues to replicate at the 
restrictive temperature in a temperature-sensitive dna B-
mutant, where the synthesis of chromosomal DNA and of various 
sex factors stops immediately (6,7). Under the latter condi-
tions complex DNA molecules can be detected by electron mi-
croscopy and by various physicochemical techniques (6,8). 
Recently we observed that Col E1 DNA replicates in E.coli at 
elevated temperatures (47 - 49° C) where no incorporation of 
radioactive DNA precurso~s into high molecular weight chromo-
somal DNA is observed. Under these conditions the formation of 
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catenated DNA molecules and the accumulation of replicative 
intermediates of Col E1 DNA can be demonstrated. 
MATERIALS AND METHODS: The isolation of f2l E1 DNA from E.coli 
JC 411 (Col E1 ) was performed by the lysozyme-brij technique 
which has been described extensively in various instances 
{6,9). The grids for the electron microscopy were prepared 
by the technique of KLEINSCHMIDT and ZAHN (1o). Modifications 
and further experimental detai~are given in the legends to 
the figures. 
RESULTS AND DISCUSSION: Supercoiled f2h E1 DNA in a cell lysate 
obtained by the lysozyme-brij 58 technique can be enriched by 
pelleting the chromosomal DNA, still bound to cel1 wa11 and 
membrane fragments, by relatively low speed centrifugation 
(8ooo x g, 1o min, 4° C). The resulting "cleared lysate" is 
subsequently centrifuged in a cesium chloride-ethidium bromide 
(CsCl-EtBr) density gradient to equilibrium (11). Fractionation 
of the gradient reveals a denser band containing the super-
coiled DNA (I) and a less dense band (II) containing the resi-
diual chromosomal DNA fragments still present in the "cleared 
lysate" (Fig. 1 A). 
The amount of radioactivity present in the first band related 
to the total amount of radioactivity incorporated into acid 
insoluble material, can be taken as a measure for the content 
of supercoiled plasmid DNA of the cell. E.coli JC 411 (Col E1 > 
(6) was incubated at various increasing temperatures and the 
DNA was labelled for 1 h with 3H-thymidine. Table 1 indicates 
that the incorporation into chromosomal DNA drops sharply 
above 45° c, whereas the incorporation into supercoiled plasmid 
DNA decreases only slightly with increasing temperatures. This 
results in an apparently increased ratio of plasmid DNA to 
chromosomal DNA. CsCl-EtBr gradient centrifugation of lysates 
from E.coli JC 411 (Col E1 ) labelled at 47°C shows in add~tion 
to the supercoiled plasmid DNA (I) and the chromosomal DNA (II) 
the appearance of labelled DNA at an intermediate density region 
(Fig. 1 B). 
It has been shown that catenated DNA molecules consisting of 
supercoiled and open circular parts are found in such inter-
mediate positions in CsCl-EtBr gradients (12). Sedimentation 
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Fig. 1 CsCl-ethidium bromide densitiy centrifugation of 
cleared 16sates of E.coli JC 411 Cf21 E1 ) grown at 3o°C 
and at 47 c. 
Cultures of E.coli JC 411 (Col E ) were labelled in the 
oresence of 25o ug/ml deoxyadeno~ine for 1 h with 5 uCi/ml 
3H-thymidine Cspec.act. 2o.4 Ci/mmol) at 3o°C and with 
to uCi/ml at 47°C. Phosphate-bufferad minimal medium (6) 
was used for culturing the strains. Cleared lysates were 
prepared by the lysozyme/Brij 58 procedure (9) and directly 
·centrifuged in CsCl-EtBr gradients (11). Fractions of the 
gradients were collected in small tubes, from which aliquots 
were taken for the determination of the radioactivity (6}. 
32P-labelled supercoiled f2l E~ DNA was added to each CsCl-
EtBr gradient as a density mar~er to indicate the position 
of supercoiled DNA (I) and relaxed circular DNA (II). 
A. E.coli JC 411 labelled at 3o° C 
B. E.coli JC 411 labelled at 47° c. 
analysis of the DNA from the intermediate band in neutral 
sucrose gradients demonstrated the presence of various DNA 
species (Fig. 2 A). Their sedimentation values are in agree-
ment with catenated forms consisting of supercoiled and re-
laxed f2l E1 DNA (8,13). In the dense supercoiled band {I) 
monomeric supercoiled f2l E1 DNA and DNA species with Sedi-
mentation values (31 S, 37 s, 43 S) previously found for 
oligomeric forms of f2l E1 DNA can be detected (Fig. 2 B) 
(14,15). However, sedimentation analysis under these condi-
tions does not allow to distinguish between supercoiled 
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TABLE 1 
Incorporation of 3H-thymidine into the chromosomal and f2l E1 
DNA of JC 411 (Col .E1 > at various growth temperatures. 
Temperature Incorporation of % o~ incorporation 3 % of H-incorpo-
3H-radioactivity during the of H-radioactivity ration into 
labelling into the total into total DNA as plasmid DNA re-
period 
3o0 c 
4o0 c 
43°C 
45°C 
47°C 
49°C 
DNA in cpm + compared to 1oo % lated to the to-
incorporated at tal incorporation 
3o0 c ++ 
5,3 X 1o5 1oo % 1.1 - 1.3 % 
4,8 X 1o5 9o % 1.4 - 1.6 ,, 10 
4,3 X 1o5 75 - 8o % 1.5 - 1.7 % 
2,4 X 1o5 4o - So % 2.5 - 3.5 % 
3,7 X 1o4 6 - 8 % 1o - 13 % 
1,o x 1o4 1 - 3 % 4o % 
+ The values represent acid-insoluble counts/min of o.1 ml of 
the total lysates (2.o ml) of one experiment; 5 uCi/ml 3H-
thymid~ne was added for 1 h at the indicated temperature. 
++ The range of percent given represents values from three 
independent experiments. 
oligomeric and supercoiled catenated molecules. At 49° c, 
the incorporation of 3H-thymidine is considerably reduced, 
which indicates that the rate of replication of Col E1 DNA 
is slowed down atthis temperature. We. have therefore con-
sidered this temperature asconvenientfor obtaining repli-
cation intermediates. When 3H-thymidine was added to the 
culture for 1 h essentially the same Col E1 DNA forms were 
obtained as at 47°C with a reduced yield. However,when the 
culture was labelled for only 1 min, most of the labelled 
material banded at an intermediate density in a CsCl-EtBr 
gradient. When this DNA from the intermediate band was sedi-
mented through neutral sucrose gradients, DNA was detected 
which sedimented slightly faster than supercoiled monomeric 
Col E1 DNA in a rather heterogenenous distribution. To 
reveal whether this DNA represents replicative intermediates 
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Fig. 2 Neutral sucrose density gradient centrifugation of the 
DNA isolated from the intermediate density region (III) 
and from the heavy density region (I) of the CsCl-EtBr 
gradient. The fractions of the two regions marked III and 
I in Fig. 1 B were isolated, dialysed and sedimented through 
a 5% to 2o% linear sucrose gradient (SW 65, 45 ooo r.p.m., 
2o°C, L 2-So centrifuge). Centrifugation was carried out for 
12o min. S-va~~es are related to the internal 23 S marker 
(supercoiled P-f21 E1 DNA). The arrows indicate the posi-tion in the gradients ~f this marker DNA. 
pulse-chase experiments were carried out. Cultures of E.coli 
8 JC 411 (f2l E1 ) at a cell density of 5 x 1o cells/ml were 
pulse labelled for 1 min at 49° with 3H-thymidine. The cells 
were poured on ice to stop further incorporation and washed 
twice with ice-cold medium. One half of the cells was pro-
cessed immediately, the other half was subsequently incubated 
for 1 h at 3o° C in a medium containing no 3H-thymidine but 
an excess of non-radioactive thymidine. Plasmid DNA was 
extracted and analysed as described. Fig. 3 A indicates 
that after the 1 min pulse a high amount of radioactivity 
is found in the intermediate density region of the CsCl-
EtBr gradient and disappears after 1 h chase at 3o0 c (Fig. 
3 D). The sedimentation analysis demonstrated that the 
1703 
Vol. 49, No. 6, 1972 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 
ZOIG 
s 18 15 21 zs 30 s 11 1s za n 31 35 
fractta n llo. 
c 
5111S2JZS 3835 
408 II' r F 
300 w~ 'r2~~ r -lA~ 
·--.. ______ ....) , ....... ___ _ 
§ 1G 1S Zt Z5 'lD 35 
32rc.p.lll . 
• 
32pc.J.m. 
218 
Fig. 3 Analysis of Col E~ DNA of E.coli JC 411 (Col E1)pulse labelled at 49°C and chased at 3ooc. 
A culture of E.coli JC 411 (Col E ) was labelled at 49°C 
for 1 min with 1o uCi/ml 3H-thymidine in the presence of 
25o ug/ml deoxyadenosine. Incorporation of radioactivity 
was stopped by pouring the culture in ice-cold minimal-
medium. Cells were collected by centrifugation and washed 
twice with ice cold minimal medium. One half of these cells 
were lysed imrnediately by the procedure described in Fig.1. 
The other half was resuspended into fresh medium supple-
mented with Soo ug/ml thymidine and incubated at 3ooc for 
1 h. The cleared lysates of both cultures were centS~fuged 
to equilibrium in CsCl-EtBr gradients. Supercoiled P-
labelled Col E~ DNA was added as an internal marker. Frac-
tions of the heavy density regions Ca and a') and the 
intermediate density regions(b and b') were pooled, dia-
lysed and sedimented through a neutral 5 % to 2o % linear 
sucrose gradient as described in Fig. 2. 
A. CsCl-EtBr gradient of the cleared lysate of cells pulse 
labelled for 1 min at 490 c. B. and c. sucrose gradients 
of fractions a and b of the CsCl-EtBr gradient of A. 
D. CsCl-EtBr gradient of the cleared lysate of cellg pulse 
labelled for 1 min at 49°C and chased for 1 h at 3o c. 
E. and F. sucrose gradients of fractions a' and b' of the 
CsCl-EtBr gradient of D. ___ 32p_~ E1 DNA. 
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radioactive label incorporated during the pulse period at 
49° C into DNA sedimenting slightly faster than super-
coiled monomeric Col E1 DNA (Fig. 3 B,C) can be chased 
at 3o°C mainly to the monomeric form (Fig. 3 E). This 
reveals the intermediate character of the DNA labelled 
during the pulse at 49°C. The other faster sedimenting 
complex DNA molecules found after the chase period (Fig. 
3 F) are either formed already at 49°C but are masked in 
the gradient by the replicative DNA, or some of the repli-
cative intermediates are converted into these complex 
forms. We are presently testing these two possibilities. 
The plasmid DNA formed at 47°C and 49°C was examined by 
electron microscopy. A wide spectrum of catenated forms 
consisting of two or more monomeric molecules but no 
circular molecules with two or more unit lengths (oligo-
mers) were found when ~ E1 DNA synthesized at 47°C was 
examined. In DNA preparations from cultures incubated at 
49°C supercoiled molecules with already replicated double 
loops of various sizes were detected {Fig. 4). Such 
molecules were first found by Jaenisch et al. in SV 4o 
infected animal cells and regarded as replicative inter-
m~diates (16). Similar replicative intermediates of Col 
E1 DNA have been recently observed in minicells of E.coli 
carrying the Col E1 factor (17,18). 
The results described indicate that Col E1 replication 
continues at elevated temperatures where the replication 
of the bacterial chromosome and of several sex factors 
stops completely. At these unusual temperatures complex 
f2l E1 DNA molecules, especially catenated forms, are 
synthesized. The formation of catenated structures 
by recombination, one possible mechanism, would presume 
that this process takes place preferentially above 47° c 
in E.coli. This seems rather unlikely. Besides, recent 
results in our laboratory have shown that such catenated 
molecules are also obtained at the elevated temperature 
in rec- mutants (rec A-, rec B- and rec c- ) carrying 
the f2l E1 factor. These results favor again a repli-
cation mechanism for the formation of these complex DNA 
molecules rather than a mechanism involving recombination. 
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This is in agreement with the results of previous investi-
gations on the fomation of complex Col E1 DNA in tempe-
rature sensitive DNA replication mutants of E.~oli and in 
P.mirabilis (8, 14). At 49° C Col· E1 DNA replication in 
E.coli apparently is slowed down so far that replicative 
intermediates can be isolated. They resemble the repli-
cative forms found for SV 4o ONA and for Col E1 DNA in 
minicells of B.coli. Rollin·g-circle .92.!.. E1 structures 
like the ones isolated from minicells (18) could not be 
detected by us. 
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